Abstract.-Evolutionary biology has long been concerned with how changing environments affect and drive the spatiotemporal development of organisms. Coelotine spiders (Agelenidae: Coelotinae) are common species in the temperate and subtropical areas of the Northern Hemisphere. Their long evolutionary history and the extremely imbalanced distribution of species richness suggest that Eurasian environments, especially since the Cenozoic, are the drivers of their diversification. We use phylogenetics, molecular dating, ancestral area reconstructions, diversity, and ecological niche analyses to investigate the spatiotemporal evolution of 286 coelotine species from throughout the region. Based on eight genes (6.5 kb) and 2323 de novo DNA sequences, analyses suggest an Eocene South China origin for them. Most extant, widespread species belong to the southern (SCG) or northern (NCG) clades. The origin of coelotine spiders appears to associate with either the Paleocene-Eocene Thermal Maximum or the hot period in early Eocene. Tibetan uplifting events influenced the current diversity patterns of coelotines. The origin of SCG lies outside of the Tibetan Plateau. Uplifting in the southeastern area of the plateau blocked dispersal since the Late Eocene. Continuous orogenesis appears to have created localized vicariant events, which drove rapid radiation in SCG. North-central Tibet is the likely location of origin for NCG and many lineages likely experienced extinction owing to uplifting since early Oligocene. Their evolutionary histories correspond with recent geological evidence that high-elevation orographical features existed in the Tibetan region as early as 40-35 Ma. Our discoveries may be the first empirical evidence that links the evolution of organisms to the Eocene-Oligocene uplifting of the Tibetan Plateau. [Tibet; biogeography; ecology; molecular clock; diversification.] Dynamic ecological environments are one of the main driving forces of biological evolution. The iconic continental collision between India and Asia 55-50 million years ago (Ma) in the Cenozoic is responsible for causing widespread environmental changes in Eurasia. This event generated the Tibetan Plateau, which is one the largest and highest plateaus on Earth (Chen et al. 2010; Najman et al. 2010; Bouilhol et al. 2013; Chatterjee et al. 2013) . Further, crustal shortening also resulted in changes in land and sea distributions at the southern margin of the Asian plate. The regression of Tethys Ocean and falling temperatures since the early Oligocene directly impacted atmospheric water cycles and the climate. The southern margin of the Asian plate was humid in the Eocene, while most of China was dry. Dry areas shifted to Central Asia after the Middle Miocene and the eastern margin became more humid (Molnar et al. 2010; Bosboom et al. 2011; Miao et al. 2012; Guillot and Replumaz 2013; Favre et al. 2015; Licht et al. 2014) . These ecological transformations greatly affected the spatiotemporal evolution of Eurasian organisms by influencing their dispersal patterns, speciation, diversification rates, and extinction.
Dynamic ecological environments are one of the main driving forces of biological evolution. The iconic continental collision between India and Asia 55-50 million years ago (Ma) in the Cenozoic is responsible for causing widespread environmental changes in Eurasia. This event generated the Tibetan Plateau, which is one the largest and highest plateaus on Earth (Chen et al. 2010; Najman et al. 2010; Bouilhol et al. 2013; Chatterjee et al. 2013) . Further, crustal shortening also resulted in changes in land and sea distributions at the southern margin of the Asian plate. The regression of Tethys Ocean and falling temperatures since the early Oligocene directly impacted atmospheric water cycles and the climate. The southern margin of the Asian plate was humid in the Eocene, while most of China was dry. Dry areas shifted to Central Asia after the Middle Miocene and the eastern margin became more humid (Molnar et al. 2010; Bosboom et al. 2011; Miao et al. 2012; Guillot and Replumaz 2013; Favre et al. 2015; Licht et al. 2014) . These ecological transformations greatly affected the spatiotemporal evolution of Eurasian organisms by influencing their dispersal patterns, speciation, diversification rates, and extinction.
A cornucopia of studies has suggested that uplifting of the Tibetan Plateau triggered evolutionary radiations in plants Wen et al. 2014; ) and other organisms (Hou et al. 2007 ; Leneveu et al. 2009; Guo et al. 2011; Jabbour and Renner 2012; Päckert et al. 2012; Päckert et al. 2015 ) since the Miocene. These studies have explained in detail the close connection between biological diversification and Tibetan uplifting. However, since the early 1990s, studies of palaeoelevation have increasingly indicated that the Tibetan Plateau has been 4-5 km high since the Middle Eocene (Rowley and Currie 2006; Wang et al. 2008 Wang et al. , 2010 Quade et al. 2011; Lippert et al. 2014 ). An obvious conflict exists between scenarios for the biogeography and geology of the Tibetan Plateau. Renner (2016) ascribed the inconformity to biologists mostly citing outdated geological papers or to miscitations. This reflects the absence of a consensus on the orogenesis and paleostratigraphy of the Tibetan Plateau. The tectonic models of plateau growth vary in time and space (Wang et al. 2010; Ding et al. 2014) . The region's complex tectonic setting causes difficulties in dating the formation of Tibetan Plateau. This results in ambiguity in regional geological data, the sparse paleontological data, and the low level of geographical resolution for such a vast area where only few basins have been used for palaeoelevational inference. Three points of view on orogenesis exist: (1) it occurred prior to the initial IndiaAsia collision in the Early Eocene (Murphy et al. 1997; Ding et al. 2014) ; (2) it dates to long after the IndiaAsia collision in the Middle Miocene (France-Lanord et al. 1988; Coleman and Hodges 1995; Spicer et al. 2003; Currie et al. 2005; DeCelles et al. 2007); and (3) uplifting is more recent and abrupt (Xu et al. 1973; Harrison et al. 1992; Li and Fang 1999; An et al. 2001) . Because all geological history may not be written in stone, it is necessary to have comprehensive and complementary studies on organismic evolution around the Tibetan Plateau.
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The Coelotinae (Family Agelenidae) has 25 genera and 671 described species (World Spider Catalog 2016; Zhao and Li 2016; Zhang et al. 2016a Zhang et al. , 2016b . As a megadiverse, Holarctic group, coelotine spiders are excellent taxa for study. First, they are widely distributed in temperate and subtropical areas of the Northern Hemisphere and > 80% of species occur in South and East Asia ( Fig. 1 ; Supplementary Table S1 available on Dryad http://dx.doi.org/10.5061/dryad.4pm73). The distributional heterogeneity of species richness implies that changing ecological environments in Eurasia greatly influenced the processes of spatial diversification. Second, roughly 90% of coelotine species are endemics and the distributions of most coelotine genera are restricted to particular areas (Wang 2016) . No record of ballooning dispersal behavior exists for coelotines. Ground-dwelling coelotines disperse mainly by walking; they do not have abilities for long-distance dispersal. Thus, their sensitivity to regional environmental perturbations makes them ideal "recorders" of Eurasian geological history. Finally, Eocene agelenid amber fossils (Wunderlich 2004) suggest that coelotines are a sufficiently old lineage for studying Eurasian Cenozoic history.
Herein, we reconstruct the spatiotemporal evolution of coelotine spiders using DNA sequences from 286 species in 19 genera from throughout the Northern Hemisphere. By superimposing the phylogeny and geographical history, we illustrate how Eurasian palaeoecological changes, particularly the Tibetan uplift, impacted the present distributional patterns of coelotine spiders. We offer new insights on how the changing paleogeography and paleoclimate influenced the evolution of organisms since the Cenozoic.
MATERIALS AND METHODS
Taxon Sampling and DNA Sequencing Species names, localities, longitude-latitude coordinates, DNA sequences, and GenBank accession numbers of 384 spider taxa are listed in Supplementary  Table S2 available on Dryad. Fresh coelotine specimens for sequencing were collected ( Fig. 1) , identified, preserved in 95% ethanol and stored at −20°C. DNA extraction was performed using the Ezup Animal Tissue kit (SANGON) following the manufacturer's instructions. We used both standard and nested PCR techniques. PCR conditions and primers were provided in Supplementary Table S3 available on Dryad. Extraction, amplification, and sequencing followed Zhao et al. (2013) . We used 16 primers designed for coelotine spiders with Primer Premier 6.0 (Singh et al. 1998) . Ultimately, 2323 sequences were obtained from 302 species that involved four nuclear genes (h3, wingless, 18s, 28s) and four mitochondrial genes (cox1, nad1, 12s, 16s) . All voucher specimens were deposited in the Institute of Zoology, Chinese Academy of Sciences, Beijing, China.
Dataset Composition and Sequence Alignment
The DNA sequences were assembled into two datasets for maintaining data integrity and solving questions at FIGURE 1. The main distributional area of coelotine spiders and the major biomes across the Northern Hemisphere. White spots indicated the type locations of all known coelotine species; red spots indicate the sampled localities of coelotines in this study. The distribution of Vegetation refer to https://en.wikipedia.org/wiki/Vegetation. 990 SYSTEMATIC BIOLOGY VOL. 66 different levels. First, a dataset of 137-taxa contained 88 species of Agelenidae as the ingroup and 49 species from other spider families as outgroup taxa. The dataset, which contained 5500 aligned nucleotide positions (with ∼27% missing data), was used to estimate the date of origin of Agelenidae and Coelotinae. The second dataset contained 314 taxa comprised of 286 Coelotinae species as the ingroup plus 25 Ageleninae and three Amaurobiidae species in the outgroups. It consisted of 6488 aligned nucleotides (with ∼8% missing data) and was used to reconstruct the spatiotemporal evolution of coelotines. Protein-coding gene sequences were translated to amino acids before alignment with ClustalW embedded in BioEdit v7.0.9.0 (Hall 1999) ; they were then back-translated. To reduce misalignments, ribosomal RNA genes were first aligned in MAFFT v7.037 (Katoh et al. 2009 ), then ambiguous regions were removed. Re-alignment used ClustalX v2.0.9 (Larkin et al. 2007) according to the guide tree generated by the protein-coding genes. Finally, sequence assembly and minor manual adjustments were performed using BioEdit.
Phylogenetic Analyses and Hypothesis Testing
Phylogenetic relationships were inferred using maximum likelihood (ML), Bayesian inference (BI) and maximum parsimony (MP). First, the best-fit partitioning schemes and models for the ML and BI phylogenetic analyses were selected using the Bayesian Information Criterion (BIC) implemented in PartitionFinder v1.1.1 (Lanfear et al. 2012) . Model selection for ML analysis divided both datasets into eight partitions by gene, and the GTR+I+G model was favored for each one. Similar results were obtained from the BI analyses after selecting different models for h3 (HKY+I+G), wingless (SYM+I+G) and 18s (K80+I+G) in the 314-taxa dataset. ML analyses were conducted in RAxML v7.2.8 (Stamatakis 2006 ) using the substitution model GTRGAMMAI for all partitions of both datasets. A rapid bootstrap of 1000 replicate ML inferences initiated with a random starting tree was performed for each dataset to determine the best-scoring ML tree and nodal support. BI analyses were conducted in MrBayes v3.2.1 (Ronquist and Huelsenbeck 2003) with posterior distributions estimated by Markov chain Monte Carlo (MCMC) sampling. The corresponding model for each partition was selected for both datasets. Two simultaneous runs with four MCMC chains were performed for 10 million generations for the 137-taxa dataset and 20 million generations for the 314-taxa dataset to ensure that the average standard deviation of split frequency was below 0.01 and to obtain a well-supported consensus tree. The Markov chains of both datasets were sampled every 1000 generations. Tracer v1.6 (Rambaut et al. 2014 ) was employed to monitor the mixing of the MCMC chains, and the first 40% of sampled trees were discarded as burn-in before summarizing in both datasets. Parsimony analyses were implemented in PAUP v4.0b10 (Swofford 2002 ) using the same settings for both datasets. Alignment gaps were treated as missing data and all uninformative characters were excluded. Heuristic searches used 1000 random-addition-sequence replicates by tree bisectionreconnection (TBR) branch swapping. Starting trees were obtained via stepwise addition with no upper limit for the number of trees held in memory but no more than 20 trees were retained in a replicate. The strict consensus tree of all shortest trees was saved. Support values for all nodes were generated by 1000 bootstrap replicates with 10 random-addition-sequence replicates under a 50% majority rule.
To assess the different topologies inferred by the three approaches, the approximately unbiased (AU) test (Shimodaira 2002 ) and Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa 1999) were performed in the CONSEL package v0.1i (Shimodaira and Hasegawa 2001) . The program makermt was used to generate 10 sets of bootstrap replicates, and each set consisted of 10,000 replicates. P-values for the AU and SH tests used sitewise log-likelihoods calculated using baseml embedded in PAML package v4.8 (Yang 2007) . For increased rigor, the likelihood ratio test (LRT) was performed to test the different topological hypotheses. The marginal likelihoods were estimated using MrBayes v3.2.1 based on the harmonic mean (HM) of the likelihood values of the MCMC samples (Newton and Raftery 1994) and a more accurate stepping-stone (SS) sampling method .
Divergence Time Estimation
The LRT was performed to determine if a molecular clock model was appropriate based on the marginal likelihood values calculated using the HM and SS methods. The results suggested that both the 137-taxa and 314-taxa datasets did not conform to a strict molecular clock (P < 0.001) and that a relaxed molecular clock method was more suitable for estimating divergence time. For the 137-taxa dataset, divergence times were estimated with three widely used relaxed molecular clock approaches (Rutschmann 2006) : the Bayesian MCMC dating approach implemented in BEAST v1.8.0 (Drummond and Rambaut 2007) ; Bayesian estimation with an input phylogeny that enables evolutionary rate changes over time in MULTIDIVTIME (Thorne et al. 1998; Kishino et al. 2001) ; and the penalized likelihood rate smoothing approach in R8S v1.80 (Sanderson 2002) . In all cases, genetic distances were transformed into absolute time (in millions of years) using five fossils calibration points (Fig. 2b) .
No fossil Coelotinae is known, but Ageleninae has an extensive fossil record. The earliest amber fossils of agelenines exist in Baltic and other European ambers (formed in the Eocene) and include the extant genera Agelena, Histopona, Tegenaria, and extinct genus Inceptor (Wunderlich 2004; Penney and Selden 2006; Selden and Penney 2010; Dunlop et al. 2012) . Thus, the probable time of origin of those agelenid genera dates to 56-37 Ma (Eocene). This is a reasonable minimum age for Supplementary Fig. S2 ). The colors in the tree represent different taxa and are consistent with Fig 2b. (b) The tree topology was generated by BEAST according to the phylogenetic hypotheses inferred by ML, BI, and MP. The shaded bars on the nodes show 95% probability distributions of major clade divergence times estimated with MULTIDIVTIME (yellow) and BEAST (blue). The light pink bars show the interval between the highest and the lowest values estimated with R8S (shaded pink). The red asterisks indicate the five fossil calibration nodes. The vertical dashed line indicates the occurrence of the PETM event at ca. 56 Ma. P = Pliocene; Q = Quaternary. The high-quality spider images are partly from the website Norske edderkopper (http://www.edderkopper.net/). the origin of this family. It is difficult to set a suitable maximum age of the origin of Agelenidae because fossils only trace most RTA-clade families [the male pedipalp of which features a retrolateral tibial apophysis (RTA)] back to the Paleogene (Selden and Penney 2010; Penney 2013) . Notwithstanding, fossils of all Entelegynae and many Orbiculariae families date back to the Cretaceous and the extinct ancestral sister-family Juraraneidae was recorded from the Middle Jurassic (Selden 2012) . Large molecular analyses for Araneae suggested that Orbiculariae was not monophyletic and superfamily Deinopoidea was closely related to RTA-clade (Bond et al. 2014; Fernández et al. 2014) . Additionally, extinct Jurassic Mongolarachnidae (∼165 Ma) was erected based on well-preserved male and female fossils. Deinopoidae and Uloboridae were resolved as their extant relatives (Selden et al. 2013) . Therefore, the common ancestors of Orbiculariae and RTA-clade possibly originated in the Late Jurassic and these groups likely diversified simultaneously after the Early Cretaceous with the origin of flowering plants (Grimaldi 1999 ) and radiations of modern insects (Selden and Penney 2010 (Selden et al. 1999) . They were deemed to be unmistakably araneomorphs, although these specimens were too poorly preserved to be identified to family (Selden and Penney 2010) . Thus, we set 237-201 Ma (Carnian) as the crown age of extant araneomorph spiders. The calibration points for the 137-taxa dataset were detailed in Supplementary Table S4 available on  Dryad. BEAST analyses used the uncorrelated relaxed lognormal clock with the branching prior set under the Yule speciation process. The GTR+I+G model was used for all eight partitions as in the BI analyses. To obtain reliable results, five independent MCMC tree searches were run concurrently at the CIPRES web portal (Miller et al. 2010b) for 20 million generations with a sampling frequency of every 500 generations. Then, five tree-subsets were combined and resampled every 1000 generations (to avoid memory errors) using LogCombiner v1.8.0 (in BEAST package) after a burn-in of the first 30-40% subsets. Finally, the maximum clade credibility tree was calculated using TreeAnnotator v1.8.0 (in the BEAST package) based on 49,000 trees and requiring all effective sample size (ESS) values to be >200. Length of analysis and burn-in were confirmed with Tracer v1.6 (Rambaut et al. 2014 ) through a visual inspection of the tree likelihoods. MULTIDIVTIME parameters were estimated for each partition separately under the F84 model in PAML 4.8 (Yang 2007) following the software manual (Rutschmann 2005) . The Markov chains were sampled every 100 cycles and 10,000 times, and burn-in consisted of the first 250,000 cycles. The mean and standard deviation (SD) of prior distributions for the time units between the tip and the root were set to 2.48 and 0.1, respectively. The mean and SD of the prior distributions for the molecular evolution rate at the root node were set to 0.30 and 0.15, respectively. The mean and SD of the prior distributions for the variance of the molecular evolution rate were both set to 0.4. For other parameters, the default settings were used. Finally, the analysis was run more than once under different settings to ensure the results obtained were reliable. In R8S, the PL approach with the TN algorithm was performed, and the smoothing parameter was determined by a cross-validation test (between 1 and 1000). Other parameters followed recommendations accompanying the software. Finally, the program was run with the optimum smoothing value (BI: 6.3, ML: 7.9 and MP: 16) for each input tree. For comparative purposes, the topology of the RTA-clade + (Deinopoidea + Eresoidea) was constrained to be monophyletic in the BEAST analysis; the RAxML tree that supported Araneoidea + (Deinopoidea+Eresoidea) was set as the starting tree for MULTIDIVTIME, and the three different trees inferred from BI, ML, and MP were used in the R8S analysis. For the 314-taxa dataset, divergence times were estimated only in BEAST. The 10 recalibration points used in the analysis were set based on results obtained from the137-taxa dataset (Supplementary Table  S5 available on Dryad) and assigned to the same lineages ( Supplementary Fig. S8 available on Dryad). Other parameters were set similar to those from the 137-taxa dataset, except four independent MCMC tree searches were run for 20 million generations with a sampling frequency of every 2000 generations and 28,000 trees were obtained before calculating the maximum clade credibility tree. Further, except for the Yule speciation process, the Birth-Death process (BD) and Birth-Death Incomplete Sampling speciation process (BDI) were tested.
Biogeographical Inference
Biogeography of the coelotines was inferred using a parsimony-based statistical dispersal-vicariance (S-DIVA) analysis implemented in RASP v3.2 (Yu et al. , 2015 and a likelihood-based divergence-extinctioncladogenesis (DEC) analysis implemented in Lagrange 2 (Ree et al. 2005; Ree and Smith 2008) . To understand thoroughly the historical spatiotemporal evolution of the Coelotinae, 13 areas were delimited for ancestral area reconstruction based on climate, geographical divisions, and the distributions of extant coelotines ( Fig. 3b ; Supplementary Table S6 available on Dryad). Spiders were assigned to areas using their distributional data (coordinates and monographs; Supplementary Table S2 available on Dryad). S-DIVA analyses were performed based on a sample of 1000 random BEAST trees and credibility support values were generated for alternative phylogenetic hypotheses. All areas were treated as equiprobable ancestral ranges under parsimony. Thus, S-DIVA analysis had maximum allowed areas of three and four to reduce the number of disjunct ancestral distributions. Biogeographical results were summarized on the BEAST consensus tree (fully bifurcating) using majority rule. The same BEAST consensus tree was used for S-DIVA and DEC. For DEC, Python scripts were generated using the online helper (http://www.reelab.net/lagrange). DEC models took advantage of the time-scale provided by the chronogram to estimate the probability of palaeogeographical changes during time. We delimited three time slices (60-33 Ma, 33-17 Ma, 17-0 Ma) to reflect the changes of dispersal probabilities caused by post-Paleocene main environmental transformations, and these involved two events. (1) Since the Early Oligocene, the Paratethys Sea began to regress and the Turgai Strait became dry land, which opened up a migration corridor for European and Asian terrestrial animals (Rögl 1998; Hou et al. 2011) . During this time, the climate became cooler and the inception of ice build-up in high northern latitudes likely reduced the dispersal of species between America and Asia via the Bering Strait (Zachos et al. 2001; Eldrett et al. 2009) . (2) Since the Mid-Miocene, increasing aridification of Central Asia greatly affected the dispersal of Eurasian animals in the mid-latitudes (Miao et al. 2012; Favre et al. 2015) . Ancestral areas were limited to no more than three areas, and the dispersal probabilities were assigned between all adjacent areas. The probabilities (0.01, 0.1, 0.5, 1.0) ranged from "unlikely" to "likely" (Supplementary Table S7 Combined chronogram and biogeographic analysis results of coelotine spiders based on the 314-taxa dataset. (a) The tree topology was generated by BEAST according to the phylogenetic hypotheses inferred by ML, BI, and MP. The bars on nodes show the 95% probability distributions of major clade divergence times. The colors on the tree represent different geographic areas where the taxa come, which are consistent with Figure 3b (Fig. 3a) . We examined the influence of different dispersal probabilities on the outcome of the analysis based on the idea that orogenesis significantly decreased the dispersal probabilities of the areas around the Tibetan Plateau.
Diversification and Ecological Niche Analyses
Changes in diversification-rates within the subfamily Coelotinae were evaluated using the Constant-Rate (CR) test and Monte Carlo Constant-Rate (MCCR) test (Pybus and Harvey 2000) via empirical gamma () statistics. The impact of using incomplete and nonrandom taxon sampling was assessed by 1000 incomplete phylogenies simulated under a constant pure birth process. Simulations required an estimation of species richness for each clade, but this was difficult due to the unabated discovery of new species of Coelotinae. Therefore, based on the 671 known species and approximately 110 potentially new species reported herein, we made three estimations of the total number of coelotine spiders ranging from "conservative" to "aggressive": 800 species, 1300 species, and 1800 species. The assumed numbers were prorated to each clade. Simulated trees were pruned relative to the size of the original tree by randomly deleting taxa and then recalculating the statistics. The cumulative numbers of reconstructed lineages over time were visualized by generating multiple lineage-through-time (LTT) plots for the 1000 random trees from the BEAST output file after burn-in and the consensus chronogram with a mean node age. All diversification rate analyses were performed in R v3.1.0 (R Core Team 2014) with the packages APE (Paradis et al. 2004 ) and GEIGER (Harmon et al. 2008) . Grid statistics for coelotine endemic species were computed in DIVAGIS (Hijmans et al. 2001 ) under a 5°× 5°grid covering the Northern Hemisphere. Temperature and precipitation data from coelotine type locations were obtained from agriculturally important plant species (Food and Agriculture Organization of the United Nations; Hijmans et al. 2001) . All coordinates of the type locations directly referred to the primary literature (Supplementary Table S1 available on Dryad).
RESULTS

Coelotinae Phylogenetics
Maximum likelihood, BI, and MP analyses infer similar topologies from both datasets (Supplementary Figs S1-S6 available on Dryad). The phylogenetic analysis of the 137-taxa dataset yield high bootstrap values supporting the monophyly of the family Agelenidae (ML bootstrap = 100, BI posterior probability = 1.00, MP bootstrap = 97). The subfamily Coelotinae receives strong support (ML bootstrap = 100, BI posterior probability = 1.00, MP bootstrap = 100) and it receives support as a sister-group to part of Ageleninae. These results indicate that Ageleninae is not monophyletic. For higher level relationships, Agelenidae is closely related to Amaurobiidae and Dictynidae. These results are consistent with recent studies based on molecular and morphological analyses (Spagna and Gillespie 2008; Miller et al. 2010a ). The primary differences in the three phylogenies are the relationships among the RTAclade, Araneoidea, and Deinopoidea + Eresoidea within the Entelegynae (Fig. 2a) , which has been discussed (Bond et al. 2014; Fernández et al. 2014) . Results of the LRT (Supplementary Table S8 available on Dryad) show no significant difference, indicating variation in tree branching had little impact on the divergence times estimated for the Coelotinae. Topologies obtained from the 314-taxa dataset denote monophyly of the coelotine genera and intergeneric relationships. The three topologies do not differ in robustly supported major clades and internal nodes are well resolved. Coelotes and Draconarius are the two largest genera of Coelotinae, and each contains about 200 species. All three topologies suggest them as being polyphyletic and both contained several monophyletic groups, which required taxonomic rearrangements. Additionally, 12 other genera receive strong support.
Our phylogenies allow for subfamily Coelotinae to be divided into three groups, each of which contains several closely related genera (Fig. 3a) . (1) The "original coelotine group" (OCG) includes Notiocoelotes, Bifidocoelotes, and some species mainly occur in Guangxi (southeastern) China. It is not monophyletic yet its clades root consistently near the base of Coelotinae (Fig. 3d) . (2) The "southern coelotine group" (SCG) includes Draconarius, Lineacoelotes, Longicoelotes, Platocoelotes, Spiricoelotes, Tonsilla with Himalcoelotes, and Coras; Orumcekia nests within Draconarius. This group is monophyletic. Except for Coras, the diverse species group has a narrow distribution in Southeast Asia (Fig. 3e) . (3) The monophyletic "northern coelotine group" (NCG) includes Coelotes, Inermocoelotes, Iwogumoa, Pireneitega, and Tegecoelotes. The species mainly have disjunct distributions beyond 30°N in Eurasia (Fig. 3f) . The primary difference among the three phylogenies is the position of a clade including some northern species of Draconarius and American Wadotes. In the ML analysis, the northern Draconarius group is sister to the SCG and Wadotes is sister to the NCG. By contrast, in the BI and the MP analyses, the northern Draconarius group and Wadotes associate with or nest within OCG. However, none of these relationships receive strong support (Supplementary Figs S4-S6 available on Dryad). Another notable difference is the local relationships among the genera Coelotes, Inermocoelotes, and Pireneitega in the NCG, which varies in all three analyses. These three genera form a clade, but their relationships inter se are ambiguous. The "broom-and-handle"-like topology (a long branch above several fairly short branches) likely drives the unstable relationships in the NCG clades. The genetic distances of these genera to others in their clade are great, but quite small distances separated them.
Additional analyses point to a more consistent topology. Both AU and SH tests rejected the MP topology compared with the BI and ML analyses, which do not significant differ from one another (Supplementary  Table S9 available on Dryad) . Likelihood values from LRT serve to evaluate alternative hypotheses by placing the northern Draconarius group and Wadotes at positions that differ from those inferred by ML, BI, and MP, with some well resolved nodes constrained. Prior topologies identical to that inferred by ML analysis are 10 log likelihood units (SS) better than BI and MP (Supplementary Table S10 available on Dryad).
Divergence Times
The simplified time-calibrated phylogeny based on the 137-taxa dataset is shown in Figure 2b . Although having the same calibration points, the nuances of nucleotide substitution models and prior distributions yield to different results. Compared to the uniformly distributed divergence times obtained by BEAST, the results of MULTIDIVTIME and R8S converge toward the middle area of the tree (Appendix Table A1 ). Despite minor discrepancies, the confidence intervals around the estimates from the three dating approaches generally overlap for major lineages. The mean values of the three analyses suggest that the split between Entelegynae and Haplogynae occurred at the Triassic/Jurassic boundary (180-208 Ma). In the Entelegynae, the main stem lineages of the superfamilies Araneoidea, Deinopoidea, Eresoidea, and the RTA-clade appear to have diverged from each other during the early Cretaceous. Subsequently, the ancestor of Agelenidae appeared in the Late Cretaceous (77-91 Ma) and diversificated into several major lineages shortly after the K-T boundary. The last common ancestor of extant Coelotinae appears to have existed in the Early Eocene (52-62 Ma). The recalibrated BEAST tree (without outgroups) based on the 314-taxa dataset under a BDI process is shown in Figure 3a . No obvious conflicts exist among the results obtained under BDI, BD, and Yule processes (Appendix Table A2 ), but the log marginal likelihood value (SS) show that the result under the BDI process (-216,845.91 ) is more acceptable than those under the BD (-216,924.15) and Yule (-216,934 .88) processes. The major coelotine lineages of SCG (36-44 Ma) and NCG (34-43 Ma) appear to have originated nearly simultaneously. All BEAST trees displaying these estimates are shown in Supplementary Figs S7 and S8 available on Dryad.
Biogeography
The S-DIVA analyses use two maximal areas and the DEC analyses involve four alternative scenarios and multiple dispersal probabilities (Appendix Table A3 ). No significant difference exists between the analyses. S-DIVA and DEC (Fig. 3a) yield generally consistent results for the major coelotine clades. The former analyses suggest that living coelotines originated in "South China + Hainan Island + Hengduan Mountains", whereas the latter analyses point to "South China" (Node 1). This discrepancy owes mainly to several early diverging lineages currently distributed on Hainan Island and in the Hengduan Mountains that connected to the rest of the tree by long branches. The DIVA model minimizes dispersal and extinction events and outputs multiple equally parsimonious ancestral ranges. In contrast, the DEC model considers branch lengths, calculates the relative likelihood of each possible ancestral range and provides the probability of dispersal and extinction (Ree et al. 2005) . Overlapping of the results of the two approaches makes them seem reasonable. SCG consistently suggests the group originated in South China (Node 20) and sublevel nodes 21 and 22 receive strong support. Based on the distribution of the extant spiders, SCG probably has its origin on the Yunnan-Guizhou Plateau, with subsequent spreading to the Hengduan Mountains (Node 23), followed by South Tibet (Node 26) and Indochina (Node 27) (Fig. 3e) .
S-DIVA analyses generate excessively equiprobable and discontinuous ancestral range reconstructions for the NCG (Node 8, 10, and 12). Somewhat better, DEC analyses suggests that the NCG originated in "North China + South China + Northeast Tibet", which constitutes a huge area. Except for Node 9, the results for other sublevel nodes, such as nodes 10, 12, and 14, have too many possibilities, although these regions concentrate in the northwestern, northeastern and central regions of the Tibetan Plateau. The disjointed distribution pattern of the NCG appears to have driven the vague results in the biogeographical analyses. Regardless, NCG undoubtedly has its origin in midlatitudes of Asia and with subsequent spreading to other Asian areas, and later into Europe via the Pamir Plateau around 30.8 Ma (Node 10) when the Eurasian migration corridor opened. Both S-DIVA (red arrows) and DEC (orange arrows) analyses suggest extinction events in Northeast Tibet, Xinjiang, and the Pamir Plateau. All of our European species assign to the NCG and most appear to be derived from only a single lineage. This result points to an infrequent mass dispersal of coelotines from Asia to Europe. Further, two North American genera undoubtedly came from Asia independently (nodes 7, 25). Among the four alternative scenarios in the DEC analyses, although not the optimal outcome, the results show the possibility of a plateau origin of NCG lineages (nodes 8, 10, 12, 14, 15, 17) . The possibility of a Central Tibet origin significantly increases when uplifting of the Tibetan Plateau is constrained to be more recent, although rare NCG species occur on the Tibetan Plateau.
Diversification Rate and Diversity Pattern
The CR test for all Coelotinae obtains a negative -value ( =−10.51) and the MCCR test shows that 996 SYSTEMATIC BIOLOGY VOL. 66 incomplete taxon sampling unlikely caused the negative value. These results reject the null hypothesis of a constant rate (P < 0.01) and indicate that the diversification rate of Coelotinae decelerated through time (Supplementary Table S11 and Supplementary  Fig. S9 available on Dryad). Whereas the SCG obtains similar results ( =−9.10, P < 0.001), the results in the NCG differ ( =−5.39). The results of NCG reject the null hypothesis of constant rate under the assumption of a 256 species clade (P < 0.01) and reject the hypothesis at the 5% level under the assumption of a 416 species clade (P = 0.042). However, it does not reject the hypothesis under the assumption of a 576 species clade (P = 0.232). The reconstructed LTTs with 95% confidence intervals for the three clades ( Fig. 4a and b) show the cumulative numbers of coelotine species over time. The evolution of coelotines is a density-dependent adaptive radiation either in the entire lineage or in local clades. The difference in -values between NCG and SCG suggest that cladogenesis in the NCG accumulated closer to the tips (more recently) in the phylogeny (Fig. 4b) . Also, the difference indicates distinctive evolutionary histories: the SCG appears to have diversified from the Late Eocene to Oligocene, but NCG does not show diversification until the Mid-Oligocene. The LTT of the NCG has an unusual shape and the observed shift in the slope of the empirical curve depicts several fluctuations in diversification rate during the Oligocene-Miocene (arrows). Grid statistics indicate that endemic coelotine species mainly occur in East and South Asia, especially southeast of the Tibetan Plateau (Fig. 4c) and montane areas like the Himalayas, the Hengduan Mountains and the Yunnan-Guizhou Plateau (Fig. 4d) .
Ecological Niche
Like most organisms, coelotine spiders appear to have evolved to live in a particular ecological niche. Coelotines occur in a wide variety of terrestrial habitats from 10°N to 50°N. Preferred types of vegetation include temperate broadleaf and mixed forest, subtropical moist forest, and montane forest. A few species occur in alpine and semidry environments, but coelotines remain unknown in high latitude coniferous forest, steppe, xeric shrubland, and alpine tundra (Fig. 1) . They appear to prefer humid and temperate environments (Fig. 5a) , especially where the annual mean temperature is close to 14-16°C and annual precipitation is near 1200-1400 mm. Such areas contain the greatest diversity of coelotines (Fig. 5c) . Some species occur in alpine areas where the annual mean temperature is <0°C and annual precipitation is < 500 mm (Fig. 5a ). Although the distributions of SCG and NCG differed, no obvious differences in niche exist (Fig. 5b) . The number of species decreases with increasing elevation. Although some coelotines live at elevations of nearly 5 km on the southern slope of Himalayas, a sharp shift in species richness occurs when elevations exceed 4000 m (Fig. 5d) .
DISCUSSION
The Origin of Coelotine Spiders
Biological studies can involve the discovery of the origins of organisms, such as coelotines. This information may play a critical role in conservation. Dramatic climate change can drive mass extinction and break the continuity of species composition and distribution. Such events also drive important changes via adaptation and in doing so establish higher taxa; organisms that escape extinction can adapt to the new environment and experience rapid diversification, which is the basis of the formation of new taxa (Wiegmann et al. 2011) . Our molecular dating results show a good agreement with the latest research on spider phylogenomics, especially the divergence time of Agelenidae (Garrison et al. 2016) . The Early Eocene origin of coelotine spiders (Figs 2b and 4a) likely relates to the mass extinction caused by the Paleocene-Eocene Thermal Maximum (PETM) event (ca. 56 Ma), which was a period of continuously high temperatures (Zachos et al. 2001; Zachos et al. 2008; Charles et al. 2011) . Our analyses indicate that Coelotinae is the sistergroup of part of the Ageleninae. Morphological evidence coincides with this. The plesiomorphic characteristic of having few penniform hairs occurs in some species of basal Notiocoelotes (Liu and Li 2010) . Additionally, coelotines do not have the colorful patterns of agelenines (Fig. 2 ). These differences point to an essential niche division between the two subfamilies. Agelenines usually weave funnel webs in bushes or on the surface of rocks, whereas coelotines always make funnel webs in crevices and hide in the darkness on crags, bark and slopes. Thus, compared to agelenines, coelotines appear to prefer a cool and humid environment. Further, diversity-patterns and niche analyses show Although the latter three regions are adjacent to one another, it is unlikely that coelotines originated on the Hainan Island and the Hengduan Mountains. Hainan Island was geographically much closer to the mainland in early Eocene (Liang 2013 ) and now only species of Notiocoelotes occur there. They could be the descendants of the early colonists from the mainland rather than being aboriginals. This explanation also applies to the distribution pattern of OCG in Hengduan Mountains, where the geographical isolations formed later than 40 Ma (Chung et al. 1998) or even more recently (Mulch and Chamberlain 2006; Sun et al. 2011) . Ancestral ranges of stem-nodes 4, 5, and 6 consistently suggest an origin in South China in our analyses. Thus, ancestral coelotines most likely have their origin in South China near the Tropic of Cancer where most OCG species occur and then dispersed to the surrounding areas (Fig. 3d) . Because the area between 20°N and 40°N in China was relatively arid Licht et al. 2014 ), it appears that ancestral coelotines most likely came from an eastern Asian agelenid lineage that survived the PETM extinction event by hiding in crevices. Adaptation to a new niche would have allowed them to avoid desiccation and heat. Subsequently, they appear to have dispersed, diversified and gradually formed new groups.
Imbalanced Diversity and Eocene-Oligocene Tibetan
Uplifting Climate may be the main driver of the distribution of coelotines. High latitude regions are cold and intervening dry habitats isolate them from coastal coelotines. Therefore, these spiders have discontinuous and zonal distributions in temperate and subtropical areas of the northern hemisphere. Climate also best explains why most coelotine species occur in the southern Himalayas, Hengduan Mountains, and Yunnan-Guizhou Plateau. The complex geography and favorable environments due to Southeast Asian monsoons make these places biodiversity hotspots (Favre et al. 2015) . However, climate alone may not explain the current pattern of diversity of coelotines. Most coelotine species in East and South Asia are from SCG and their high rate diversification dates from the late Eocene to Oligocene. This diversification predates the Miocene when the monsoon system started (Favre et al. 2015; Renner 2016 ).
Wang and Martens (2009) studied alpine coelotine spiders from Nepal and described the high diversity of Coelotinae in the Himalayas. Most Nepalese coelotine species are endemic, occupy only small areas and many have allopatric distributions. Deeply split valleys and the multitude of mountain ranges, which generally prohibit a rapid spread of ground-dwelling arthropods from one valley system to neighboring ones, likely drives the pattern of many species still living in the area where they developed (Wang and Martens 2009) . Steinbauer et al. (2016) highlighted the relationship between topography-driven isolation, speciation and the globally consistent pattern of higher endemism at higher elevations. The rapid diversification in SCG corresponds with the orogenesis of the Tibetan Plateau. The lineages from South Tibet (Node 26; 30-38.7 Ma) and Hengduan Mountains (Node 27; 31 ∼ 39 Ma) have contemporaneous origins. This supports the growing consensus that the south-central Tibetan area attained heights of 4-5 km since the Mid-Eocene. The southern Tibetan Plateau has a humid climate and good vegetation. Wang and Martens (2009) reported that most coelotine species and samples occurred at elevations of 2500-3500 m in the valleys, but that only 16% of species and 20% of samples were found at up to 4000 m and proportions dropped to 7.1% and 5.4%, respectively, in areas up to 4500 m. Our experience agrees with these findings (Fig. 5d ) and the pattern may explain why the SCG occurs on the southeast margin of the Tibetan Plateau only. The proto-plateau with its high mountain ridges would have formed barriers to coelotine dispersal.
In the Eocene, the NCG was much more broadly distributed than SCG. This suggests that conditions in northern latitudes produced more species. However, the aridification of Central Asia since the Mid-Miocene left few suitable habitats (Miao et al. 2012 ) and, thus, low species richness of NCG. Further, diversification in the NCG did not begin to until the Mid-Oligocene (Fig. 4b) . The different diversifying processes may be the principal driver of the gap in species richness between NCG and SCG. Because the niches of NCG and SCG do not differ, the driver of the rapid Mid-Oligocene radiation in the NCG remains difficult to pinpoint. Unlike the SCG, extinction in the early stages of the origin of NCG likely led to the loss of early lineages. Ancestral range reconstructions point to a mid-latitude Asian origin for NCG. Aridification of Central Asia, which intensified after the Mid-Miocene, does not appear to the driver of the early Oligocene extinction event. The NCG has an uncertain center of origin, an almost equal length of long branches of nodes 9 and 10, and ambiguous relationships among the NCG genera Coelotes, Inermocoelotes, and Pireneitega. These genera occur scattered around the north-central Tibetan plateau where very few coelotines live. Thus, the NCG likely originated in north-central Tibet. Orogenesis of Central Tibet appears to be the driver of extinction for ancestral lineages. Both extant NCG lineages show signs of secondarily diversification from Northwest and Northeast Tibet, which back then offered refugia from Central Tibet (Fig. 6) . Iwogumoa probably originated in Northeast Tibet; its extant species occur only in East Asia. In contrast, the other NCG genera likely originated in Northwest Tibet and then spread eastward to East Asia and westward to Central Asia and Europe (Fig. 3f) .
High elevations may not be the direct driver of extinction events because some coelotines can survive FIGURE 6. An illustration showing the coelotines probably originated in the Tibetan Plateau. It is solely based on a simple model: we assumed there were three coelotine lineages before the plateau uplifted. As the earliest lineage to diverge, lineage a was distributed in the central area and is a sister to the lineages b and c. The more recently-diverged lineages, b1 + b2 and c1 + c2 are sister to each other, and dispersed outward. When the Plateau rapid thickened and shortened, and formed two high mountains in excess of 4500 m sandwiched a low elevation basin. The lineages b1 and c1 that were distributed on mountaintops went extinct and the other three survived. As the Plateau continually uplift and the alpine arid ecosystems were gradually dominant, the lineages on the Plateau gradually lost its survival soil and went extinct. The dotted lines in the phylogenetic trees indicate extinct lineages, and bold lines indicate extant lineages. In the phylogenetic tree of current extant species, long branches appeared on the crowns of these two extant lineages.
there (Wang and Martens 2009) . Arid alpine ecosystems could be the driver; the rising plateau encountered colder and drier climate than lower elevations and this would have been disastrous for coelotines. Tibetan environmental change likely caused extinction of the NCG during the early Oligocene (34-27 Ma). Trees increased at least 4-4.6 km in elevation during the warmer pre-Oligocene (Körner 2007; Spicer et al. 2003; Deng et al. 2012; Favre et al. 2015) . If true, then Central Tibet must have been higher than 4-4.6 km since the early Oligocene. Isotope-based paleoelevational studies support this conclusion. Much of Tibet attained its modern elevation by the mid-Eocene (Rowley and Currie 2006; Favre et al. 2015; Renner 2016 ). However, no study points to extensive alpine environments in Tibetincluding evidence of glaciers or frozen ground-before the Quaternary. Moreover, fossil plants suggest that forest habitats existed in Central Tibet at least until the Mid-Miocene (Spicer et al. 2003; Zhou et al. 2007; Khan et al. 2014 ). However, alpine environments do not favor fossil preservation, especially on the Tibetan Plateau, which experienced erosion and deformation during the uplifting. This creates the condition that we can only infer what happened in the past from the present. Using oxygen isotope of the fossil ostracods, and considering then together with previously published data, Ding et al. (2014) proposed that Eocene Tibet existed as two high mountains: Qiangtang to the north and Gangdese to the south. Both mountains exceeded 4500 m in elevation and they sandwiched a low elevation basin at 3000 m that held fossil rhinos until as late as the Miocene (Deng et al. 2011) . Similarly, our analyses indicate that no NCG species dispersed to South Tibet; the barrier between South and Central Tibet probably formed before the early Oligocene. Uplifting of the central Tibetan blocks likely occurred as a stepwise process (Tapponnier et al. 2001; Mulch and Chamberlain 2006) . The initial period of rapid uplifting did not leave the region as flat as it is today but rather it consisted of several parallel mountain ranges that from ran east to west. Montane elevations shortened in a northward progression between about 45 and 30 Ma, which was followed by further uplifting, faulting and erosion (Shackleton and Chang 1988; Dewey et al. 1989; Tremblay et al. 2015) . Thus, species in the NCG began going extinct in the early Oligocene. Stratigraphical changes in Central Tibet probably isolated and blocked dispersal of the ancestors of NCG. Rivers and lakes in low elevations initially offered humid habitats, but subsequent uplifting gradually formed unsuitable arid alpine ecosystems (Dupont-Nivet et al. 2007) , which drove coelotines gradually to extinction (Fig. 6 ). SCG and NCG evolutionary histories are consistent with high elevation orographical features being present in the region of the Tibetan Plateau as early as 40-35 Ma (Lippert et al. 2014; Favre et al. 2015; Renner 2016) .
Conflict Between Geological and Biogeographical Scenarios
Our results correspond well with geological research on the Tibetan Plateau uplift. Other studies rarely obtain this correspondence. Renner (2016) reviewed a large VOL. 66 number of biogeographical studies that link Miocene, Pliocene, and/or Pleistocene organismal radiations to precise phases of uplifting. He argued that most of the studies cited outdated geological papers or incorrectly cited prior research when they considered a more recent time (20-0.5 Ma) for organismal diversification associated with the (assumed) rapid uplift of the Tibetan Plateau. Some relatively recent molecular clock studies have interpreted biological diversification in the context of an old (pre-Oligocene) age of the Tibetan Plateau. They suggested that clades probably or definitely diversified when the plateau was already high (Miao et al. 2011; Jabbour and Renner 2012; Päckert et al. 2015; Favre et al. 2016; . Thus, except for the reasons Renner mentioned, these inconsistencies were partly caused by choosing young organismal groups (usually on the level of genus or species) as the research objects and evaluating them in an old age geological context. Our study evaluates an ancient organismal group, and we carefully calibrate the divergence time, and perform comprehensive bioinformatic analyses. Our discoveries may provide the first solid evidence of a link between the evolution of organisms (not only the diversification) and Eocene-Oligocene uplifting of Tibetan Plateau. We hope it will enlighten future bio-geographical research. Notes: The time units of all parameters were set in million years. HPD: highest posterior density; CI: confidence interval. "-" indicates that the group failed to be inferred as a monophyly in MP analysis. Notes: The nodes ID and area codes are consistent with Figure 3 and Supplementary Table S6 . The time units of all parameters were set in million years.
